Change (WIMOVAC) has been used widely as a generic modular mechanistically-rich model of plant production. It can predict the responses of leaf and canopy carbon balance, as well as production in different environmental conditions, in particular those relevant to global change. Here we introduce an open source Java user-friendly version of WIMOVAC. This software is platform-independent and can be easily downloaded to a laptop and used without any prior programming skills. In this article, we describe the structure, equations, user guide and illustrate some potential applications of WIMOVAC.
INTRODUCTION
In the IC (integrated circuits) design industry, computational modeling has been a critical factor in the rapid improvement and generation of new IC. Growth in capacity to mathematically model crop growth and developmental processes incorporating various levels of mechanism has been developed and reviewed (Hammer et al., 2010 , Jones et al., 2003 , Zhu et al., 2012 , Zhu et al., 2011 , but has failed to have the same impact. One potential reason is that these models have been written for distinct research purposes, often to predict yields of specific crops or production of vegetation types within an ecosystem or landscape context. As a result, these models may lack transparency and user-friendliness to non-specialist users. Also, the models may require advanced programming skills and come with varying degrees of mechanism and documentation. As a result, there is little involvement of the experimental community, who are seen as "data gatherers" and not interacting partners. The development of open source software which the research community can easily modify and improve is a solution to this long-standing problem (Zhu et al., 2015) .
WIMOVAC is designed as a generic mechanistic model with transparency and ease of access fundamental to its development. With its strong basis in a biochemical and biophysical mechanism for leaf and canopy photosynthesis and related processes, WIMOVAC can be used to study a wide range of environmental responses over seconds, days or years, scaling from biochemistry to production. By providing an interface to the parameter database, users can adapt the model to specific plants and genotypes without a need to change the underlying code. Though WIMOVAC has been used for more than two decades (Humphries and Long 1994) , the original model and subsequent versions were coded in Visual Basic and became difficult to transfer between platforms and unworkable under the most recent operating systems. We therefore rebuilt WIMOVAC into a generalpurpose object-oriented language that would be widely and freely available, providing a write-once, run-anywhere code (WORA) with source code open to the research community.
This made Java the obvious choice fitting all of these requirements. We provide a General Public License (GNU) to make it widely accessible. Here we describe the model equations, implementation, example applications and download instructions.
Basic Features of Java Version WIMOVAC
WIMOVAC describes various processes related to photosynthetic CO 2 uptake, partitioning of assimilated carbon and interaction between plants with atmosphere and soil processes (Humphries & Long, 1995) . This Java version retains many features of the original WIMOVAC. First, its equations are organized into sections representing different physical and physiological processes, which interact with each other (Figure 1 ). For example, the light and temperature calculated from the macroclimate model are used by the canopy photosynthesis model in WIMOVAC to calculate light and temperature profiles at different layers inside a canopy. The calculated microclimate inside a canopy is in turn used to calculate the leaf photosynthesis and transpiration, which further affects canopy microclimate and photosynthesis. Secondly, WIMOVAC is designed as multi-scale simulation software. Simply, it can simulate processes from leaf biochemistry up to ecosystem levels. It includes the basic biochemical models of C 3 and C 4 photosynthesis at the leaf level, the canopy photosynthesis and transpiration process and the whole plant growth processes. The interdependence between the different processes and scaling from leaf to stand processes is detailed in the supplemental section and has also been described in earlier publications (Miguez et al., 2009) . Thirdly, it is built to be user-friendly. To enable easy access by the research community, this Java version is open sourced and easily transferable across different platforms and computers. The software can be used after the software package is copied directly onto any Windows, Linux or Mac OS computer with the Java runtime environment (JRE) installed. No other software installation is needed.
WIMOVAC User Guide
We use the leaf level simulations as an example. In this example, WIMOVAC is used to build a curve showing the responses of leaf CO 2 uptake rates of a leaf at different light levels (A/Q). To do this, first click the "C3/C4 leaf assimilation" icon, and the form for the "C3/C4 leaf assimilation module" appears ( Figure 2B ). Choose "Assimilation" as the dependent variable and "Light_0" as the independent variable which spans from 0 to 2000 mol m -2 s -1
with an interval of 25 mol m -2 s -1
. After this, enter the three CO 2 levels to be used in the simulation. Then enter O 2 concentration to be 210 mbar, temperature 25.0°C, and relative humidity 70%. C 3 or C 4 photosynthesis can then be chosen via a toggle switch by clicking the button of "C3/C4 photosynthesis" at the left bottom corner of the form ( Figure 2B ).
Simulation is invoked by clicking the "Start" button. Simulation results are directly displayed via a graphical user interface immediately after each simulation run is completed ( Figure 2C ).
Users can also obtain the numerical data in Excel format from WIMOVAC OutputFile_leaf which will appear in the same folder as the WIMOVAC software. Figure 2D and 2E show simulation of biomass changes of different organs during a whole plant growth process.
In addition to pre-populated climatic variable tables which the user can alter directly, such as CO 2 in the preceding example, WIMOVAC comes with model parameters stored in a parameter file. Values used are derived from a series of sources, with an aim to providing best estimates for an "average plant." These can be viewed and modified by clicking "Parameter File" ( Figure 3A ). Once in this file, users can change these according to their simulation needs ( Figure 3B ). For example, a user may have estimated leaf maximum rate of Rubisco limited carboxylation (V c,max ) and whole chain electron transport supporting carbon metabolism (J max ) for a particular crop and now wish to predict canopy assimilation.
Within the parameter table they may add their values, store the revised parameter table and This article is protected by copyright. All rights reserved.
then use this in their simulation by clicking "Save" (Fig. 3B ) after the modification in the "Customer Designed Parameter File" ( Figure 3B ). Users can use the original default values by clicking "Load Original Data". Users can gain more information about the sub-models and equations of WIMOVAC using the Help menu ( Figure 3A ). Users can refer to the help1.pdf file to learn about the assumptions used to model different processes of WIMOVAC.
Major Applications of WIMOVAC

Predicting the responses and adaptation of ecosystems under a future climate
WIMOVAC provides a means to explore how leaf and canopy assimilation over seconds to years would be affected by rising temperature, altered humidity and rising CO 2 . Equally, where acclimation at the leaf level has been defined the user can explore impacts on canopy assimilation and productivity. Similarly, it allows adaptation to be explored. Would a canopy under elevated CO 2 assimilate more carbon over the course of a day or growing season considering the adaptation of leaf biochemical properties? It also provides a means to quantitatively assign acclimatory changes in production to different underlying processes.
For example, Wittig et al. (2005) used WIMOVAC to simulate the gross primary production from recorded leaf photosynthetic properties, leaf area index and meteorological conditions over a 3-year rotation cycle of a poplar forest ecosystem under both current and future elevated CO 2 conditions. The relative changes in the simulated gross primary productivity (GPP) were consistent with the estimated GPP change based on biomass increment and turnover. The modeling results provided new insight showing that the decline in stimulation of gross primary production under elevated [CO 2 ] was due to earlier canopy closure, not photosynthetic acclimation (Wittig et al., 2005) . This is because the responses of photosynthesis to elevated CO 2 are most pronounced in saturating light in contrast to limiting light conditions, as can be explained from the underlying biochemical/biophysical processes (Long et al., 2004 This article is protected by copyright. All rights reserved.
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For site-dependent variables such as atmospheric transmittance ( ) WIMOVAC provides an average value from the literature. The user may view this value and its source in the parameter file, and may input a more appropriate value as necessary. Direct (I dir ) and diffuse solar radiation (I diff ) above canopy may then be predicted (Norman, 1980 ) (Eqn.1)-(Eqn.5).
Where air temperature is not available it follows the typical daily and seasonal cycles, which slightly offset from the daily and seasonal peaks of radiation inputs (Spain and Keen, 1992) .
In many situations, extremes of temperatures are more important than the mean of temperature (Wang et al., 2003) . In WIMOVAC, temperature is simulated using three elements (Eqn.9), i.e., the daily mean temperature (Eqn.6), range (Eqn.7) and excursion (Eqn.8). The calculation of excursion allows an offset between the maximum incident solar radiation and the maximum temperature of simulated days, which reflects the local heat capacity of the surroundings (Eqn. 8).
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Leaf level photosynthesis and stomata conductance
The steady state biochemical model of C 3 photosynthesis (Farquhar et al., 1980 solved by iteratively seeking a matching A from the leaf photosynthesis (Eqn. 12) and stomatal conductance equations (Eqn. 24) using the Newton-Raphson procedure (Press et al., 1986) as implemented by Humphries and Long (1995) . The initial C i used for the iterative calculation is estimated by Eqn. 16, in which the Ci is assumed to be 0.7 times of C a multiplied by the ratio of the solubility of CO 2 at temperature T relative to that at 25°C. Eqn 17 the initial O i used during the iteration. Eqns 10-11 are used to predict the potential rate of electron transport governing the RuBP-limited rate of photosynthesis (Evans and Farquhar, 1991) . For C4 photosynthesis, the CO 2 concentration in mesophyll cell (C m ) was calculated through multiplying air CO 2 concentration (C a ) by the ratio of C m to C a and the ratio of C m to C a can be input from the parameter file. The equations in Von Caemmerer et al. (2000) (Eqn.
24-Eqn. 31) are used to calculate C4 photosynthesis rate under a certain C m and light environment. (1-)(1-) 
Eqn. 17
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Eqn 40
Growth, partitioning and allocation
Partitioning fundamentally determines the efficiency with which both assimilated carbon (C) and nitrogen (N) are used (Farrar and Williams, 1991) . Consequently, photosynthetic rates are often not directly correlated with growth rates (Mooney et al., 1991) . For example, subtle differences in resource use such as maintenance respiration can lead to significant differences in productivity if averaged over an entire growing season, even if photosynthesis and water use are the same (Farrar and Williams, 1991 Although there is little mechanistic basis for using a partitioning calendar approach, its simplicity and ability to relate measurable partitioning coefficients, based upon experimentally determined dry weights, to identifiable developmental stages has led to its widespread adoption (Hodges and French, (1985) , Jones et al., 2003 , Reynolds et al., 1989 . In WIMOVAC, the partitioning calendar is determined using thermal time, which is obtained by multiplying the average temperature over a threshold with the duration over which this temperature applies. A (1972) . In this approach, the fraction of gross photosynthesis associated with growth respiration is assumed as constant but the respiratory cost of maintaining plant structures varies depending on the tissue type (Eqn 52). Temperature is assumed to influence maintenance respiration via a typical Q 10 response following Spain and Keen (1992) .
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Appendix B Definition of Abbreviations
#WIMOVAC ConstantsFile_plant
